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The alphavirus-like mRNA capping enzyme of Bamboo mosaic virus (BaMV) exhibits an AdoMet-
dependent guanylyltransferase activity by which the methyl group of AdoMet is transferred to
GTP, leading to the formation of m7GTP, and the m7GMP moiety is next transferred to the 50 end
of ppRNA via a covalent enzyme–m7GMP intermediate. The function of the conserved H68 of the
BaMV capping enzyme in the intermediate formation was analyzed by mutagenesis in this study.
The nature of the bond linking the enzyme and m7GMP was changed in the H68C mutant protein,
strongly suggesting that H68 covalently binds to m7GMP in the intermediate.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction mRNA by the RNA 50-triphosphatase activity harbored in the heli-The 50-terminal cap0 structure, m7G(50)ppp(50)N, in eukaryotic
mRNAs is a basic unit required for mRNA export from the nucleus,
prevention of mRNA degradation by 50-exonucleases, and efﬁcient
translation [1,2]. Different pathways that lead to the formation of
the cap structure have been reported. In the nucleus, the c-phos-
phate of a nascent mRNA is removed by RNA 50-triphosphatase.
The GMPmoiety of GTP is then transferred to the 50 end of a 50-diph-
osphorylated mRNA via a covalent enzyme-lysyl–GMP intermedi-
ate by GTP: mRNA guanylyltransferase. Finally, the guanine-N7 of
GpppN cap is methylated by RNA (guanine-N7) methyltransferase
to produce the cap0 structure [3,4]. Similar mechanisms for the
cap formation have been observed in some DNA viruses such as
the vaccinia virus [5–7] and chlorella virus [8] and the double-
strand RNA reovirus [9,10]. In the alphavirus-like superfamily of
human, animal, and plant-infection (+)RNA viruses, the viral
capping enzyme domains catalyze a GTP methylation at the N7
position and subsequently a transfer of the m7GMP moiety, via a
covalent enzyme–m7GMP intermediate, to the 50-diphosphate end
of the viral mRNA [11–17], which had been generated from nascentchemical Societies. Published by E
mliki Forest virus; SIN, Sindbis
irus
. Meng).case-like domain of the viral replicase [18]. Vesicular stomatitis
virus (VSV) also performs an unconventional mRNA capping mech-
anism [19,20]. The viral L protein, amultifunctional RNA-dependent
RNA polymerase, has a unique RNA: GDP polyribonucleotidyltrans-
ferase activity that catalyzes the transfer of the 50-monophosphory-
lated viral mRNA to GDP via an enzyme–pRNA intermediate. Two
methylation reactions at the capped RNA follow to form the cap1
structure by the viral methyltransferase activity [21].
For the capping enzyme from Homo sapiens [22], Saccharomyces
cerevisiae [23–25], vaccinia virus [5,26,27], and chlorella virus [8],
the lysine residue in the KXDG motif covalently bonds to the
GMP moiety to form the covalent enzyme–GMP intermediate. This
function is performed by the lysine of the KDLS motif in the reovi-
rus capping enzyme [10]. For the VSV L protein, an active-site his-
tidine has been indicated to link to the 50-monophosphorylated
RNA in the covalent enzyme–pRNA intermediate [20]. For the cap-
ping enzymes in the alphavirus-like superfamily, a phosphoamide
bond (phosphohistidine or phospholysine) has long been proposed
to connect the enzyme to the m7GMP based on an alkalies-stable
but acid-labile covalent intermediate [12,15]. Only four residues
are conserved throughout the capping enzymes of the alphavi-
rus-like superfamily [28]. Speciﬁcally, in Bamboo mosaic virus
(BaMV), they are H68, D122, R125 and Y213 [29]. Replacement
of H68 with an alanine in BaMV increased the activity for m7GTP
formation but abolished the activity for the formation of the cova-lsevier B.V. All rights reserved.
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when the analogous residues (H39 in Semliki Forest virus (SFV)
[30], H40 in Sindbis virus (SIN) [31], H80 in Brome mosaic virus
(BMV) [11], and H100 in Alfalfa mosaic virus (AMV) [32]), were mu-
tated. Conversely, alanine substitutions for D122, R125, or Y213 se-
verely affected the formation of both m7GTP and the covalent
intermediate [29]. H66, a non-conserved residue, was also found
to be critical. The H66A mutant protein was unable to catalyze
the formation of m7GTP and unable to form the covalent interme-
diate [29]. Therefore, H68 was proposed to bind to m7GMP and
form the covalent intermediate based on the stability nature of
the intermediate, the distinct mutational effect and its conserva-
tion throughout evolution. Nonetheless, this needs to be supported
by more convincing data. Moreover, the roles played by H66 and
H68 should be more carefully examined.
In this study, the m7GMP-linking residue was mapped to the
peptidyl region of residues 44–76 by a chemical protein degrada-
tion approach, which agrees with the critical roles of H66 and
H68 in the formation of the intermediate. The function of H68
was examined by a substitution with residues that have a potential
to act as a nucleophile. Among the mutants, H68C was found to re-
tain only 1% of its activity. The bond that links H68C and m7GMP
was resistant to acidic as well as alkaline conditions, consistent
with the characteristic of a phosphocysteine bond. The change
from a phosphoamide to a phosphocysteine bond in the enzyme–
m7GMP intermediate due to a H68C mutation strongly suggests
that H68 of the BaMV capping enzyme plays the nucleophilic role
in the formation of the covalent intermediate.
2. Materials and methods
2.1. Plasmids
The episomal plasmid pYES2-B3H was used for the production
of the BaMV capping enzyme domain in S. cerevisiae as described
previously [13]. Site-directed mutagenesis was performed accord-
ing to the protocol of the QuickChange site-directed mutagenesis
kit (Stratagene) using speciﬁc divergent primers.
2.2. Protein puriﬁcation
The BaMV capping enzyme with a C-terminal hexahistidine tag
was expressed and puriﬁed as described previously [13]. The puri-
ﬁcation procedure consists of a membrane fraction isolation step,
protein extraction step, and immobilized metal afﬁnity chromatog-
raphy. The recombinant protein ﬁnally was in a buffer containing
50 mM Tris–HCl (pH 8.0), 150 mM NaCl, 5 mM b-2-mercap-
toethanol, 0.3% Sarkosyl NL 30, and 10% glycerol.
2.3. Formation of the covalent enzyme–m7GMP intermediate
Speciﬁed amounts of the puriﬁed BaMV capping enzyme were
incubated with 10 lCi [a-32P]GTP (3000 Ci/mmol), 100 lM S-aden-
osylmethionine (AdoMet), and 2 mM MgCl2 in a 20-ll buffer
solution at 25 C for 2 h. The reaction mixture was resolved by
SDS–PAGE, and the radiolabeled protein on the gel was visualized
using a phosphoimager (Bas-2500, Fujiﬁlm). The relative activity
was estimated based on the radioactivity signals quantiﬁed with
Multi-Gauge software V3.0 (Fujiﬁlm).
2.4. Formation of m7GTP
The indicated variant of the BaMV capping enzyme was incu-
bated with 10 lCi [a-32P]GTP (3000 Ci/mmol) and 100 lM AdoMet
in a 20-ll buffer solution at 30 C for 1 h. The reaction solution wasextracted with phenol/chloroform and chloroform, and the prod-
ucts in the aqueous phase were analyzed by spotting a 2 ll aliquot
onto a polyethyleneimine-cellulose TLC plate (20  20 cm) that
was developed with 0.45 M (NH4)2SO4. The products on the plate
were visualized using a phosphoimager (Bas-2500, Fujiﬁlm).
2.5. Protein cleavage by alkaline hydroxylamine
The indicated protein solution was mixed with six volumes of
acetone and incubated at 20 C for overnight. The precipitated
protein was dissolved in digestion buffer that contained 7.6 M
urea, 1% n-octyl-b-D-thioglucopyranoside, and 0.95 M hydroxyl-
amine and adjusted with LiOH to pH 11. After incubation at
45 C for the indicated period of time, the hydrolyzed protein
was recovered again by acetone precipitation. The protein pellet
was resolved by SDS–PAGE and visualized with autoradiography.
To conﬁrm the cleavage site of hydroxylamine, the cleaved frag-
ment resolved on the gel was transferred to a PVDF membrane
and subjected to Edman degradation to analyze its N-terminal ami-
no acid sequence.
2.6. Stability assay of the bond linking the enzyme and m7GMP
To assay for stability against hydroxylamine, the radiolabeled
enzyme–m7GMP intermediate was precipitated with acetone,
and then the pellet was dissolved in 0.2 or 1 M hydroxylamine
(pH 10) plus 1% SDS at 45 C for 1 h. The protein in the reaction
mixture was recovered again by acetone precipitation, followed
by SDS–PAGE and autoradiography. To test for acidic and alkaline
stability, an aliquot of the radiolabeled intermediate was mixed
with an equal volume of 0.1 M Tris–HCl (pH 8.0), 0.2 N HCl, or
0.2 N NaOH. After incubation at 37 C for 45 min, the pH of the
solution was neutralized, and the protein sample was analyzed
by SDS–PAGE followed by autoradiography.
3. Results
3.1. Mapping the peptidyl region covalently attaching to m7GMP
BaMV is a potexvirus of the alphavirus-like superfamily [33].
The viral mRNA capping enzyme activity can be detected in the
N-terminal domain of the viral replication protein [15]. A phos-
phoamide bond has been suggested to account for the formation
of the covalent enzyme–m7GMP intermediate based on the acid-la-
bile but alkalies-resistant nature of the bond. Our ﬁrst aim in this
study was to map the peptidyl region that contains the m7GMP-
linking residue. Alkaline hydroxylamine has been known to be able
to speciﬁcally cleave the cyclic imide derivative of the asparaginyl-
glycyl (NG) peptide bond [34]. Because there is no NG dipeptidyl
sequence in the BaMV capping enzyme, we reasoned that alkaline
hydroxylamine might be used if the enzyme could be engineered
to carry the NG sequence at the desired positions. The strategy
was to introduce the NG sequence upstream or downstream of
the conserved H68, followed by the treatment of the radiolabeled
mutant covalent intermediate with alkaline hydroxylamine. This
approach would enable us to deﬁne the borders of a peptidyl frag-
ment encompassing the m7GMP-linking residue according to the
sizes of the digested protein fragments with radioactivity.
First, the NG sequence was introduced at residues 43–44 (L43N/
L44G), 59–60 (P60G), or 76–77 (D77G) of the BaMV capping en-
zyme by site-directed mutagenesis (Fig. 1A). The recombinant mu-
tant proteins were expressed in S. cerevisiae and puriﬁed. Activity
assays conﬁrmed that the D77G mutant had a comparable activity
to the WT for the formation of the covalent intermediate.
The L43N/L44G mutant had an activity of about one-tenth of that
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paired (data not shown). In theory, the hydroxylamine treatment
of the covalent intermediate of D77G should generate a 8.3-kDa
radioactive peptide if the radiolabeled m7GMP is actually attached
to the enzyme through the side chain of H68 (Fig. 1B). Likewise, theFig. 1. Peptide mapping by alkaline hydroxylamine (pH 11). (A) The sequence of the N-
histidine in other genera of the alphavirus-like superfamily are shown for comparison. A
mosaic virus, Hepatitis E virus, Semliki Forest virus, Sindbis virus, and Tobacco mosaic virus, r
and the arrows indicate the cleavage sites of alkaline hydroxylamine after the mutations
study. (B) Schematic illustration of the predicted hydrolyzed products of the mutan
radiolabeled m7GMP attached presumably at H68. (C) Hydrolysis results of the WT, D7
triangle indicates the proteolytic fragment that appeared only after the treatment. (D) H
and L43 N/L44G after the alkaline hydroxylamine treatment. After incubation for the
autoradiography. The open triangle indicates the proteolytic fragment that appeared ontreatment of the L43N/L44G intermediate should produce a 45.8-
kDa radioactive protein fragment.
In this study, the ability of alkaline hydroxylamine (pH 11) to
cleave the asparaginyl-glycyl peptide bond was examined by incu-
bating the enzymes in the digestion solution as described in theterminal region of the BaMV capping enzyme. The sequences around the conserved
MV, BMV, HEV, SFV, SIN, and TMV are abbreviations for Alfalfa mosaic virus, Brome
espectively. The underlined dipeptidyl sequences were mutated to NG in this study,
. The asterisks denote the residues that were mutated for functional analysis in this
t proteins after the alkaline hydroxylamine treatment. The asterisk denotes the
7G and L43 N/L44G after the alkaline hydroxylamine treatment for 2 h. The open
ydrolysis results of the radiolabeled enzyme–m7GMP intermediate of the WT, D77G
indicated time, the products were analyzed by SDS-15% PAGE and visualized by
ly after the treatment.
Fig. 2. Mutational effects of the indicated residues on the activity for the formation of the enzyme–m7GMP intermediate. Unless otherwise indicated, the activity assay was
carried out at 25 C for 2 h in a 20 ll solution that contained 0.04 lg of enzyme, 50 mM Tris (pH 7.5), 2 mM MgCl2, 5 mM DTT, 1% n-octyl-b-D-thioglucopyranoside, 100 lM
AdoMet, and 10 lCi [a-32P]GTP (3000 Ci/mmol). The presence of the covalent intermediate was discerned by SDS-10% PAGE followed by autoradiography as described in
materials and methods. The relative activity (RA) was determined by a phosphoimager with Multi-Gauge software V3.0.
Fig. 3. Mutational effects of H68 on the activity for m7GTP formation. The activity
was assayed by incubating the indicated enzyme with 10 lCi [a-32P]GTP (3000 Ci/
mmol) and 100 lMAdoMet at 30 C for 1 h. The reaction products were analyzed by
TLC as described in the materials and methods.
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by SDS-15% PAGE (Fig. 1C). While the WT was intact after a 2-h
treatment, a proteolytic fragment with a slightly reduced molecu-
lar mass appeared in the sample solution containing the D77G en-
zyme. This protein band was excised, and the protein within the
gel was subjected to Edman degradation analysis. The ﬁrst ﬁve
amino acids at the N terminus of the fragment were determined
to be GLYRT, conﬁrming that the alkaline hydroxylamine treat-
ment speciﬁcally cleaved the peptide bond at the engineered NG
sequence. It was also noted that a proteolytic fragment, smaller
than the WT but larger than the proteolytic product of D77G,
was generated from L43N/L44G after the alkaline hydroxylamine
treatment.
Previous experiments showed that the bond connecting the
enzyme and the m7GMP is susceptible to acidic hydroxylamine(pH 4.3), further supporting the involvement of a phosphoamide
bond [15]. In this study, the effect of alkaline hydroxylamine (pH
11) on the stability of the bond was examined using the radiola-
beled covalent intermediate of the WT as the substrate. The reac-
tion products were resolved by SDS-15% PAGE and visualized by
autoradiography (Fig. 1D). The radioactivity signal of the interme-
diate decreased with time; however, no degraded protein fragment
was generated. This result indicated that the NG dipeptidyl se-
quence is required for the proteolysis by the alkaline hydroxyl-
amine treatment and that the decrease in the radioactivity signal
in the wild-type intermediate was attributed to the detachment
of m7GMP from the protein. The radiolabeled intermediate of
D77G and L43N/L44G was also subjected to the alkaline hydroxyl-
amine treatment (Fig. 1D). A peptidyl fragment of approximately
8 kDa appeared in the sample solution containing D77G after a
1-h treatment, suggesting that the m7GMP-linking residue is lo-
cated within the ﬁrst 76 amino acids of the enzyme. Prolonging
the treatment did not increase the accumulation of the radiola-
beled 8-kDa peptide, presumably because the peptidyl cleavage
effect was compromised by the detachment of m7GMP from the
peptide. By contrast, a 45 kDa protein fragment with radioactiv-
ity appeared in the sample solution containing L43N/L44G. These
proteolysis results suggest that the m7GMP-linking residue is lo-
cated within the region of residues 44–76.
3.2. Functional analysis of the residues potentially able to form a
phosphoamide bond with m7GMP
The acid-labile but alkalies-stable characteristics of the covalent
enzyme–m7GMP intermediate suggest that a histidine or lysine res-
idue is covalently bonded to m7GMP. There are three histidine res-
idues (H58, H66, and H68) and two lysine residues (K64, and K72)
in the region of residues 44–76. Whether H58, K64, and K72 are
critical for the binding was examined in this study by site-directed
mutagenesis. H58A, K64A, and K72Awere able to form the covalent
intermediate, despite having decreased activities (Fig. 2A). An ala-
nine substitution for H66 or H68 abolished the activity for the inter-
mediate formation [29]. To further examine their roles, these two
residues were substituted with other amino acids. Asparagine and
glutamine partially fulﬁlled the function of H66, with a 30% and
15% retention of the activity, respectively (Fig. 2A). H68 was more
critical than H66 because its function in the intermediate formation
Fig. 4. Chemical nature of the linkage between m7GMP and the various derivatives of the BaMV capping enzyme. (A) The radiolabeled enzyme–m7GMP intermediate was
treated with 0.2 or 1 M hydroxylamine (pH 10) as described in the materials andmethods. (B) The radiolabeled intermediate was treated with 50 mM Tris (pH 8), 0.1 N HCl, or
0.1 N NaOH as described in the materials and methods. The reaction products were resolved on a SDS-10% PAGE gel followed by autoradiography. The relative activity (RA)
was calculated by a phosphoimager with Multi-Gauge software V3.0.
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arginine, asparagine, glutamine, serine, cysteine, threonine, and
tyrosine (Fig. 2B). Nonetheless, a residual activity could be observed
in H68C if the amount of the enzyme used in the activity assay was
increased from 0.04 to 1 lg. The observed activity was AdoMet-
dependent, conﬁrming that it was from the mutant BaMV capping
enzyme rather than a contaminant, e.g., the yeast guanylyltransfer-
ase, which might have been present in the enzyme preparation. It
should be noted that when using a larger quantity, 4.5 lg, of
H68A in the assay solution, it was still unable to form the covalent
intermediate (data not shown).
The mutational effects of H68 on the activity for the m7GTP for-
mation were also assessed (Fig. 3). Similarly to H68A, H68C had a
signiﬁcant increase in the activity for m7GTP formation. H68S also
accumulated more m7GTP than the WT, while other mutants did
not show an apparent difference from theWT. These data indicated
that a smaller side chain at residue 68 would favor the formation of
m7GTP.
3.3. The chemical nature of the linkage between m7GMP and the
protein
Based on the data accumulated thus far, H68 is the most prob-
able candidate for forming the phosphoamide bond to m7GMP.
However, the probability of H66 binding to m7GMP could not be
excluded. To clarify which histidine binds to m7GMP, the chemical
nature of the bond linking m7GMP and the enzyme for the WT and
H68C was examined. If H68 covalently binds to m7GMP in the WT,
H68C will be linked to m7GMP by a phosphocysteine bond. On the
other hand, if H66 is the residue that covalently binds to m7GMP,
H68C will still be linked to m7GMP by a phosphohistidine bond.
The radiolabeled covalent intermediates of the WT, H68C, and
H66N, which served as a control, were treated with 0.2 or 1 M
hydroxylamine (pH 10) for 1 h at 45 C (Fig. 4A). The intermediates
of the WT and H66N were sensitive to the hydroxylamine treat-
ment. However, the radioactivity signals from the intermediate
of H68C remained at 80% and 60% of the initial value after 0.2
and 1 M hydroxylamine treatments, respectively. The relative
insensitivity of the H68C–m7GMP intermediate to hydroxylamine
indicated that a phosphocysteine bond was responsible. To further
verify the nature of the bonds, the covalent intermediates of theWT, H66N and H68C were treated with 0.1 N HCl or 0.1 N NaOH
for 45 min at 37 C. As shown in Fig. 4B, the bond connecting
m7GMP and the WT or H66N was labile in the acidic condition
but relatively stable in the alkaline condition, consistent with the
properties of a phosphohistidine linkage. By contrast, the bond in
the covalent intermediate of H68C was moderately stable in the
acidic and alkaline conditions, which is a characteristic of a phos-
phocysteine bond [35,36]. The changes in the bonding nature of
H68C strongly suggested that H68 is the residue covalently linked
to m7GMP in the wild-type covalent intermediate.
4. Discussion
The 50-terminal cap0 structure of alpha-like viruses is formed
by the virus-encoded AdoMet-dependent guanylyltransferases. In
this viral process, GTP is methylated to form m7GTP, and then
the m7GMP moiety is transferred to the 50-diphosphate end of
the viral mRNA via a covalent enzyme–m7GMP intermediate. In
this study, alkaline hydroxylamine (pH 11) was used to identify
the m7GMP-linking residue in the BaMV capping enzyme. The
mapping result suggests that the linking residue is located within
the peptidyl region of amino acid residues 44–76. Similar mapping
strategies using hydroxylamine have been used to locate the bio-
tin-binding site of avidin [37], the nucleic acid-binding site of hu-
man iron regulatory protein [38], the phosphorylation residues of
phospholipase D [39] and the glucocorticoid receptor [40]. Site-di-
rected mutagenesis of the potential residues within this mapped
region point to the possibility that either H66 or H68 initiates a
nucleophilic attack on m7GTP, leading to the formation of the cova-
lent intermediate.
Different types of phosphoamino acid bonds possess different
stabilities under acidic and alkaline conditions [35]. For example,
a phosphohistidine bond appears to be acid labile but alkalies sta-
ble; by contrast, a phosphocysteine bond is moderately stable un-
der both acidic and alkaline conditions [35]. Replacement of H68
with a cysteine caused a dramatic decrease in the activity for the
covalent intermediate formation; however, it enhanced the activity
for m7GTP formation, suggesting that the conformations of the
GTP- and AdoMet-binding sites were not signiﬁcantly altered in re-
sponse to this mutation. The moderate stability of the covalent
intermediate of H68C under both acidic and alkaline conditions
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of the bonding nature in the covalent intermediate supports the
idea that H68 is the nucleophile that plays the key step in the for-
mation of the wild-type covalent intermediate.
The imidazole side chain of histidine is versatile. In addition to
being a nucleophile, it may have different roles in the catalysis such
as acting as a base and participating in hydrogen bonding. An ala-
nine substitution for H66 signiﬁcantly decreased the m7GTP forma-
tion activity, and the mutant protein could not form the covalent
intermediate even if m7GTP was provided [13]. However, aspara-
gine or glutamine could partially compensate for its function in this
regard. The side chains of histidine and asparagine (or glutamine)
are isosteric, and both can accept or donate a hydrogen bond [41].
Therefore, it is likely that H66 participates in hydrogen bonds re-
quired for the correct positions of the GTP and the AdoMet during
the methyltransfer reaction. Moreover, H66 may also hydrogen-
bond to m7GTP, promoting the nucleophilic attack of H68 on
m7GTP. Alternatively, H66 may hydrogen-bond to H68, locking the
imidazole side chain of H68 in an optimal spatial position for the
nucleophilic attack. This presumption about the critical roles of
the hydrogen bonds during the catalytic reaction is supported by
the conservation of H66 in many potexviruses. Moreover, residues
with the potential of forming the presumably critical hydrogen
bonds are also found at, or next to, the corresponding position of
H66 in other genera of the alphavirus-like superfamily (Fig. 1A).
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